
NRL Report 8458

The Aging of Cork-Rubber Decoupling Materials

L. E. HORSLEY AND C. M. THOMPSON

, njisguulcer Bn"lch
Underwater Sound Reference Detachment

P.O. Box 8337
Orlando, FL 32856

March 9, 1981

_ 

NAVAL RESEARCH LABORATORY
Washington, D.C.

Approved for public release; distribution unlimited.

-*W-



SECURITY CLASSIFICATION OF THIS PAGE (IWhen Da. Enlvrod)

REPORT DOCUMENTATIO14 PAGE BEFORE COMPLETINGNFIORML~NRL- ReT port 8458 fTlfT aCrr-lunN NO. 3. RECIPIENT'S CATALOG NUMBER

NRL Report 8458|_
4. TITLE (and SubriIt.) S. TYPE OF REPORT & PERIOD COVERED

Interim report on a continuing
THE AGING OF CORK-RUBBER DECOUPLING problem.

HATPDVVTAT C
litMATE4 fl~RALJL . PERF'FORMING ORG. REIORT NUMBER

7. AUTHOR(s) 0. CONTRACT OR GRANT NUMBER(e)

L. E. Horsley* and C. M. Thompson

9. PERFORMING ORGANIZATION NAME AND ADDRESS } PROGRAM ELEMENT, PROJECT, TASK
AREA a WORK UNIT NUMBERS

Underwater Sound Reference Detachment 64503N
Naval Research Laboratory S0219-AS
PO Box 8337, Orlando, FL 32856 59-0584-0

11, CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Naval Sea Systems Command (SEA63X5-1) March 9, 19P81
Washington, DC 20362 13. NUM1SER OF PAGES

14. MONITORING AGENCY NAME & ADDRESS(It different from Controlling olice9 IS. SECURITY CLASS. (of this report)

TTKs TIT A QQTLTVTnI 15s. DECLASSIFICATION/DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of chis Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of rho absrrest ntereodin Block 20. it different ftom Report)

le. SUPPLEMENTARY NOTES
*Current address: Tactical Analysis Division. U.S. Naval Oceanographic Office- NSTL Station.
' MS 39522.
Part of this report was previously published as Mr. Horsley's Master's Thesis at the Florida Institute
of Technology, dated June 1980.

IS. KEY WORDS (Con inue on reverse Aid If necaeerry wad identify by block number)

5lnnnr frannc er-irs Rnnnd enaed

Fill fluids Attenuation
Acoustic decouplers Hydrophone
Permeation Acoustic impedance

20. ABSTRACT (Conflinu on reverse aide II necee..ry end Identify by block number)
rEbure-reilvabe 1 LIL'teLLUIO ULU UbVU LU ilibelsId btolLE V4UtIILLjJUIOEtiUIb L bUIACBI soaut atboIAucab. By acous-

tically shielding some areas of the transducer, the directivity and sensitivity can be greatly altered.

Pressure-release materials/insulate because of their large differences in acoustic impedance from
that of the other components and fluids used in transducers. One serious problem is that these pressure-
release materials absorb the transducer fie fluids. This increases the acoustic impedance and therefore
reduces the effectiveness of the acoustic insulation.

(Continued)
DD IJA 7 1473 EOITION OF I NOV 65 IS OBSOLETE

S/N 0102-014-6601

I

I

I

i
SECURITY CLASSIFICATION OF THIS PACE (Whan PAIM Mn!erad)



SECURITY CLASSIFICATION OF THIS PAGE f(7.n OD.fn Ei-red)

20. Abstract (Continued)

The absorption mechanism is investigated by microscopic analysis, gravimetric analysis, and
microtome sectioning. An explanation of the fluid permeation mechanism is offered along with
the time-temperature dependence. Resulting changes in the acoustic properties with fluid absorp-
tion are studied using an acoustic impedance tube and G19 hydrophone calibrator. An equation is
formulated to predict the changes in sensitivity of a simple hydrophone resulting from aging of its
pressure-release material.

ii
SECrUAI TY CLASSIFIC ATI ON OF THIS PAGE/WRhn Data Entered)

I



CONTENTS

INTRODUCTION .................. 1

THEORY ............ ... .. ... . 2
MATERIALS AND EQUIPMENT ....................... 4

EXPERIMENTAL PROCEDURE ........................ 6

Microscopic Analysis ................ . .. 6
Gravimetric Analysis . 7
Microtome Sectioning ........................... 7
Acoustic Impedance Tube ......................... 8
G19 Hydropbone Calibrator ..................... 9

RESULTS AND DATA REDUCTION .10

Microscopic Analysis. ................ 10
Gravinetric Analysis .10
Microtome Sectioning .................... ,.....23
Acoustic Impedance Tube .23
G19 Hydrophone Calibrator ........................ 23

DISCUSSION OF RESULTS ........................ 31

Microscopic Analysis . 31
Gravimetric Analysis ................. ,.,.31Microtome Sectioning ................. ,.,.32
Acoustic Impedance Tube ..................... 37
G19 Hydrophone Calibrator ........................ 38

CONCLUSIONS ......................... 41

ACKNOWLEDGMENTS ............................ 42

REFERENCES .42

APPENDIX A - Diffusion Equations .43

APPENDIX B - Derivation of the Impedance-Tube Equations - 45

APPENDIX C - Computer Program for Impedance-Tube Data . 47

iii

I



m



THE AGING OF CORK-RUBBER DECOUPLING MATERIALS

INTRODUCTION

Sonar transducers must be reliable, precise, and relatively service free for reasons of safety (for
both men and equipment), mission, and cost control. Therefore, the materials used to construct
transducers must be compatible with both the underwater environment and the other materials
within the transducer. In general the problem of material compatibility within the transducer, and
more specifically the rate at which transducer fill fluids are absorbed by pressure-release materials
and the effect this fluid absorption has on transducer operation and reliability, is the concern of
this investigation.

Acoustic decoupling or pressure-release materials are used to acoustically insulate some com-
ponents of sonar transducers. By acoustically shielding some areas of the transducer and/or isolating
others, the directivity and sensitivity can be significantly altered. The pressure-release material is
often wrapped around a piezoelectric ceramic element to shield the sides of the element from
sound-pressure waves (Fig. 1) or to acoustically decouple a ceramic element from other internal
transducer components (Fig. 2). For pressure-release materials to be effective their specific acoustic
impedance must be very different from that of the fluid in which the sound-pressure wave is travel-
ing and with which the transducer is filled.

The most commonly used pressure-release material has been Armstrong Cork Company type
DC-100 corprene, a cork-neoprene-rubber composite manufactured for use as a gasket material.
Armstrong claims that the DC-100 is unaffected by exposure to vegetable oil [1] . Tests have shown
that DC-100 corprene can actually absorb over 50% of its own weight in castor oil, the most widely
used transducer fill fluid. The absorbed fluid increases the specific acoustic impedance of the de-
coupling material and, thereby, reduces the impedance mismatch. This reduction in mismatch
reduces the acoustic insulating ability of the material which, in turn, alters the sensitivity and direc-
tivity of the transducer. This means that whether the transducer is in active service or is still in
storage, its acoustic properties are slowly changing with time. To date, no method exists for

CERAMIC ELEMENT

CERAMIC ELEMENTBAKN
PLATE

CORPRENE SHIELD CORPRENE

Fig. 1 - Ceramic element radially Fig. 2 - Ceramic element decoupled from
shielded with corprene its backing plate by using corprene

Manuscript submitted September 30, 1980.
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HORSLEY AND THOMPSON

compensating for the changes without taking the transducer out of service for recalibration and/or
rebuilding.

The problem with corprene has existed, at least to some extent, since the early I940s. The
Red Books of World War II (2] mention the need for replacement of corprene in pressure-release
applications. Although it has been a long-standing problem, very little information can be found in
t.he i.t^ e T'fk'vlh +4e 1- 1 e~g¢MeXeee i. As ts~ o

investigated the acoustical changes in precompressed onionskin paper with changes in temperature
and pressure. Higgs, D'Amico, and Speerschneider [4] studied the pressure dependence of sonite,
but neither of the aforementioned reports included any aging effects.

Literature specifically discussing DC-100 corprene is even more restricted. Higgs and Eriksson
[5] investigated the changes in DC-100 with respect to temperature and pressure; but again, no
mention was made of possible changes caused by castor-oil absorption.

Ir ___~~~~- -I uv.V -:I.±

Two reportsb were fouuu thant uSiuuab t!1e Pruuitn V01 011 VIen tmutfWufl mtW curpreue. nULt1 weIe

basically concerned with a single hydrophone element and had limited distribution. Robertson 161
presented a short study of castor-oil absorption in corprene utilizing extraction techniques on three
samples at two temperatures. No general quantitative conclusion was reported. Fife [7] investigated
-the changes caused by castor'oil-penetration into theespace -betwee-n-thceramic element and the
corprene decoupler. Fife did include a short qualitative study of the castor-oil absorption problem,
but he examined neither the rate of castor-oil absorption nor the effects of this absorption on a
hydrophone element.

The objective of the study discussed in this report is to independently determine both the rate
of oil saturation of cork-rubber composites and the changes in acoustic properties brought about by
oil saturation.

THEORY

The equations-of-state of the piezoelectric medium can be derived from thermodynamic poten-
tials. A complete treatment starting with either the Gibbs function or the Helmholtz function is
done by Berlincourt, Curran, and Jaffe and can be found in Mason t8] . In this work matrix nota-
tion will be used. The simplified equations-of-state for a hydrophone with stress and electric dis-
placement as the independent variables are given by Mason as

E= af'? 4- l(1flon 11

and
S=sDT T+gtD, (2)

where D = electric displacement,
E = electric field,
g = piezoelectric voltage constant,

gt = transposed matrix of g,
sa = elastic compliance,

T= stress,
e = permittivity

for the piezoelectric ceramic elements.
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Now consider a small ceramic element in the shape of a right circular cylinder with its parallel
faces normal to the 3-direction (z-axis) as shown in Fig. 3. The electrodes are located on the parallel
faces. if a slowly varying pressure field (acoustical sigrlna below 0uuu Iz) is choseii, Uih pressULC cal

be considered as hydrostatic on all faces of a small piezoelectric ceramic at any given time since the
wavelength is much greater than the ceramic element size. Therefore, the shear stresses are zero, and
the normal stress components are all equal.

(3)T, = T2 = Ts I

If the ceramic disc is polarized in the 3-direction, then the electric field is zero in the radial
direction, so

El =E12 = 0 , (4)

leaving the governing equation

E3 = gT + (le)D. (5)

Piezoelectric ceramics have a very high resistivity and, therefore, a very low conductivity that
drives the electric displacement term to zero (proof in Appendix A). This further reduces Eq. (1) to

(6)

or if written in component form,

E3= -(g 31 T1 + g3 2 T2 + g 33 T3 ) .

Because of symmetry, the piezoelectric voltage constants are equal in the radial direction.

g13 =g 31 =g 32

So, Eq. (7) can be rewritten as

E3 =-(g 31 T1 Ig 31 T2 +g3 3 T3 )O 

or finally by substitution of Eq. (3) into Eq. (9) as

E3 =-( 2 31 +g 33 )T3 -

3

ELECTRODES-

2

I

Fig. 3 - Orientation of ceramic disc

3
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E3 = gT;



HORSLEY AND THOMPSON

Since the stress is actually the acoustic pressure and the electric field is the voltage divided by
the distance between the electrodes, Eq. (10) becomes

Es V/x =-(2g31 + g33)p 11)

where p - acoustic pressure, V = voltage, and x = distance between electrodes; or in the final
working form,

M=_ V/p =(2g 3 1 +g3 3,)x (12)

where M is the free field voltage sensitivity.

The voltage sensitivity shall be examined to find the theoretical difference between an un-
shielded ceramic element (Case 1) and a radially shielded ceramic element (Case 2). The values of
the piezoelectric voltage constants for PZT-4 (Trademark of Clevite Corp.4-the most commonly
used lead titanate zirconate ceramic-are given by Mason [8] to be 931 = -0.0111 mi/N and
es = 0.0261 ym/N.

Case 1: Acoustic pressure is acting equally on all faces of the ceramic disc, so the voltage
sensitivity is

M = (2g31 + g33)x,
M = t2(- .0111) + 0.0261]x, and
M = 0.0039x.

Case 2: Acoustic pressure is shielded radially so

Tf = 2 = 0 and
T 3 5&0.

Substituting this into Eq. (7) leaves E3 = g33 T3, or in terms of voltage sensitivity, M = g33 x and
M = &.0261x. The value of the voltage sensitivity for the second case is over six times the value of
the voltage sensitivity of the first case.

Corprene is neither a perfect acoustic insulator (i.e., Case 2) when unaffected by transducer fill
fluid nor is it acoustically transparent (i.e., Case 1) when it is completely saturated. But it is appar-
ent from the above example that transducer fill-fluid absorption by an acoustic pressure-release
material can significantly affect the voltage sensitivity of a piezoelectric sonar transducer.

MATERIALS AND EQUIPMENT

The materials tested for material compatibility and for stability of acoustic properties consist
of five cork-rubber composites. These include polychloroprene-cork (types DC-100 and DC-G16),
polynitrilebutadiene-cork (types NC-710 and NC-775), and silicone rubber-cork (type LC-800). The
material specifications of these composites as given by the manufacturer, Armstrong Cork Co., are
presented in Table 1. All five composites are manufactured primarily for use as gasket materials and

CKII W~~/U II nll mnvSL,1 1Vm this pLoVe.

The transducer fill fluids used for the compatibility testing are listed in Table 2 along with
their manufacturer's material specifications. Castor oil (Baker Company DB grade) is the most

4



NRL REPORT 8458

Table 1 - Material Specifications for Cork-Rubber Composites Tested
as Given by Armstrong Cork Co.

. . , , I | . ,~rt I 

Characteristics Specific Hardness Crice
Material and Type Gravity (Shore Compressibility per heet

Uses (maximum) Type A) %1/"X 36"X 36'
(in 1978)

DC-100 General-purpose gasket Cork and neoprene 0.90 56-70 20-30 $12.95
and sealing material; (polychloroprene) (300 psi)
high cork content,
minimum side flow.

DC-116 Like DC-100, but Cork and neoprene - 60-75 20-35 $15.85
higher density. (polychioroprene) (400 psi)

NC-710 Like DC-100, but Cork and nitrile- 0.90 55-70 20-30 $12.80
with maximum oil butadiene rubber (300 psi)
and solvent resistance.

NC-775 High quality, Cork and nitrile- - 70-85 10-25 $24.00
excellent butadiene rubber
resistance to
transformer oils.

T Cn 3r l .. A ...a.. -.-3:....... e 1 .i e -n n iA
I-CUVVJ V~tWlSUL.QELUILL iULk. Id.U 00- I iL I_0 U.IVV

flexibility silicone rubber (300 psi)
and resilience
over wide range
of temperatures.

Table 2 - Material Specifications for Transducer Fill Fluids Tested at 250C
for Material Compatibility with Cork-Rubber Composites

It . If Chemical I flensit-v |Vlsriti RSoind QlPd Inameanulacturer Description (kg/m3n) (ca) l

Castor Oil Baker Company glycerol (triricinoleate) 959 825 1507
DB grade

Silicone Oil Dow Corning poly(dimethylsiloxane) 960 100 1073
DC-200 Fluid

PAG Union Carbide monobutyl ether of 1000 52 1312
LB 136Y3 polypropylene glycol

5



HORSLEY AND THOMPSON

commonly used fill fluid for transducer application. Silicone oil (Dow Corning DC-200 Fluid) is
currently in limited use, and monobutylether of polypropylene glycol (PAG) (Union Carbide
LB 135Y3) was heing tested for nngoihln low-temnerature use wihen this in.ho cin-n was s4ted.

Preliminary microscopic analysis was performed using a Bausch and Lomb binocular micro-
scope with 9.9X-, 19.5X-, and 112.5X-power magnifications. The actual analysis and photography
were done with a Bausch and Lomb StereoZoom 4 Microscope with continuous magnification from
LU.OJA to 4+,UA power.

Weighing for all test samples was done with a Mettler H311 Balance.

Sectioning for tests on depth-of-oil penetration was done with an American Optical Company
Model 900 Microtome. In conjunction with the sectioning, preliminary infrared spectrophotometry
was done on a Perkin-Elmer Model 599 Spectrophotometer, utilizing multiple internal reflectance
techniques, and a Perkin-Elmer Model 621 Spectrophotometer was used for research.

The acoustfie imnedance tai-ihn nnrd accomnanying PolpM-nnire nrA n riitOrnl-nn-ade CleQom A

detailed discussion of the system (excluding updated electronics) can be found in the article by
Sabin [9] .

A USRD type G19 hydrophone calibrator was used to test the effects of oil permeation on an
active PZT-4 piezoelectric ceramic element. A uSiD standard F611 hydrophone was used as the com-
parison standard for these tests [ 10].

EXPERIMENTAL PROCEDURE

The first part of this investigation employed methods from physical chemistry to determine
the rate of absorption of transducer fill fluids by the pressure-release materials and the speed-of-
advance of the fluid front. This was accomplished with the aid of three separate techniques: micro-
scopic analysyiso gravimelwll .alysisxarid taid i-iayti setioning. Itetig piuteuutra £111111
acoustics were then used to determine the effects of transducer fill-fluid absorption on the acoustic
properties of the materials being tested, and in turn to determine how these changes affect an active
piezoelectric ceramic element. This was accomplished by studying materials in an acoustic imped-
ance tube and testing a wrapped PZT-4 ceramic element in the G19 hydrophone calibrator.

Microscopic Analysis

Microscopic analysis was conducted to obtain an understanding of the oil-permeation problem
by visual means. Preliminary work was done using a Bausch and Lomb binocular microscope. In this
preliminary research, castor-oil-soaked DC-100 composite was sectioned parallel to the direction of
oil penetration and studied at 9S)X-, 19.5 X-, and 112.5X-power magnifications. Several common
dyes (including methyl red, phenol red, methylene blue, and bromothymol blue) were mixed with
rrnsfnr nil giinrr n hPntnPrl mnPtt-fin it~rrnr in en ftfamnrf n crnhnnrt tho ornler nf +ha n actnr nil anrl
therefore, make the location of the fluid front easier to track visually.

The actual analysis was performed using a Bausch and Lomb StereoZoom 4 Microscope. It
was hoped that this microscope used in conjunction with a micrometer disc would make the visual
tracking more quantitative. A camera adapter and Nikon 35-mm single reflex camera provided
photographic recording of the castor-oil permeation.

6
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The samples investigated were sections taken from the same samples used for the microtome
sectioning. Composite types DC-100, DC-116, NC-710, and NC-775 were cut parallel to the direc-
tion of castor-oil penetration.

Gravimetric Analysis

Tne principal purpose of tne gravinetric analysis was uo udeterm-e tie raCe 01 acuzorpuion of
transducer fill fluids into cork-rubber composites. Tests were conducted at 250, 750, and 1000C to
determine the temperature dependence of the fluid permeation rate and to determine a suitable
temperature to accelerate the aging process for other possible test projects. The fluids used in this
series of tests were castor oil, silicone oil, and PAG; the cork-rubber composites tested were types
DC-100, DC-116, NC-710, NC-775, and LC-800. Table 3 shows the combinations of fluids, com-posites,
and temperatures that were tested. All gravimetric samples were 15 X 10 X 0.3175 cm when the
tests began. By maximizing the surface-to-edge ratio, the problem could be considered as two fluid
fronts converging toward the middle and edge interactions ignored. The cork-rubber samples were
w oped as dor.ny ns posSIble beforen eanch veirghfnag to reduce the omo+nt of flunid a dhe1 ring ton the exn
posed surface areas. After one month, some of the samples showed evidence of change in volume
and hardness. Therefore, at several times the dimensions of individual samples were measured and
the hardness was tested using a Shore 2A Durometer.

Microtome Sectioning

Analysis by microtome sectioning was conducted as a method to determine the rate of change
in density of the cork-rubber composites in relation to the depth of castor-oil penetration. Samples
for microtome sectioning were prepared by immersing 7.72 X 3.64 X 1.27-cm blocks of DC-100,
DC-116, NC-710, or NC-775 composite in castor oil. Tests were then performed at 2F50 and 750 C
on these soaked samples, which had been sectioned perpendicular to the direction of oil permeation
at 250-pm intervals.

Difficulties arose with the use of infrared spectrophotometry to monitor the castor-oil permea-
tion. The feasibility of this method was based on spectra obtained from the different cork-rubber
composites and the transducer fill fluids, and from the outer surface of the composites soaked for
short periods of time in the fill fluids. The tests were conducted using multiple internal reflectance
techniques. Early tests showed that a very intense absorption peak at a wave number of 1450 cm 1

should occur when castor oil is present that is not present in the spectra for dry DC-100. When
actual tests were started, the 1450-cm tI absorption peak was not well defined and no other peak

Table 3 - Combinations of Cork-Rubber
Composites and Transducer Fill Fluids Tested

Cork-Rubber Castor Oil Silicone Oil I PAG|
MaterialII

DC-100 X X X
DC-116 X
NC-710 X X X
NC-775 X X
LC-800 X X X

All combinations shown were tested at 250, 75', and 100iC.

7



HORSLEY AND THOMPSON

could be found of sufficient intensity for quantitative work. The problem seemed to be that the
preliminary tests were conducted on samples coated with but not soaked in castor oil. This pro-
duced a spectrum of castor oil with a slight influence from the cork-rubber composites, When the
actual testing was started with the sectioned samples, the spectrum was that of DC-I00 with only a
slight influence of castor oil. The castor-oil peaks were present but not of sufficient intensity for
quantitative analysis.

The method replacing the infrared method consisted of trimming each 250-ym section to
1.4 X 3.05 cm using a template. This standardized the length and width of each section. The thick-
nesses of the first five sections were checked using a micrometer. They were weighed, and the den-
sity of each was calculated.

Acoustic Impedance Tube

Impedance-tube tests were conducted to determine both the acoustic characteristics of
DC-100, DC-116, NC-7 10, NC-775, and LC-800 composites and the changes that occurred in the
acoustic propertiesjbecause of castor-oil absorption.

The impedance tube for this series of tests was a 180-cm-long, stainless steel tube with a
5.08-cm inside diameter and a 2.54-cm-thick wall. Normal operating frequencies are 3 to 10 kHz at
pressures from 0 to 70 MPa. The impedance-tube assembly, electronics, temperature system, pres-
sure system, and vacuum system are shown in Fig. 4.

VACUUM 

RSFLECTIOR

Fig. 4 - Cross section of the acoustic impedance tube
used to determine sound speed and attenuation of

/ q Irl \ I T Avar I Yious sampes
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A transducer that alternately transmits and receives a pulse of several cycles is mounted at one
end of the tube. At the other end of the acoustic transmission line is a quarter-wavelength, stainless-
steel reflector that provides both a termination of finite impedance and a mounting surface for the
test sample.

A 1-ms coherent sinusoidal pulse is transmitted from the transducer into the acoustic trans-
mission line. The pulse is then reflected by the reflector. Before the signal returns, the transducer
is electronically switched to the recevinig mode. The transducer remains in the receiving mode for
several milliseconds while the pulse is reflected back and forth between the transducer and the
reflector and is eventually attenuated. After a steady-state condition exists (approximately
three to five reflections), the phase and amplitude of the signal are measured. The transducer
ig switchAd hblck tn thei- +'rn-nrn-itqna mnrlde nAd thea nycle rapented. Tha switphing taksnlcanlA0 aevernl

hundred times per second and is averaged over many thousands of cycles for eachi frequency, pres-
sure, and temperature desired. A test sample is then attached to the reflector and the procedure
repeated. This method utilizes a comparison of the amplitude and phase obtained with a sample in
place and a standard run with no sample.

Samples tested were 5-cm-diam discs die-cut from 0.3175-cm-thick dry material and from the
same sheets used in the gravimetric analysis after soaking for one year in castor oil at 750C. Dry
samples were attached to the stainless steel reflector with Vulcalock, a rubber adhesive. Castor-oil-
soaked samples could rAnot be attached Writh an adhesive so instead w-n- held ;' plnne b, c.+rnchinr

Para~film® (American Can Co.) over the face of the sample and onto the edge of the reflector. Pre-
litninary tests showed no detectable change in the test results due to its presence.

The materials were tested at frequencies from 3 to 10 kHz at 1-kHz intervals and pressures
of 0, 0.5, 1, 2, 4, 8, and 16 MPa (gage pressures).

G19 Hydrophone Calibrator

The USRD standard G19 hydrophone calibrator is a device used to calibrate small hydro-
phones by comparing the voltage response of the unknown hydrophone with that of a standard
hydrophone, The G19 was used in this work primarily to compare the changes that occurred in
the voltage responses of a PZT-4 element due to the use of different pressure-release materials
MLiel%.Lg the element edges

The basic configuration used as the test hydrophone is that shown in Fig. 5. The various pres-
sure-release materials shielded the PZT-4 element radially and were held in place by an aluminum
split-ring and collar. The G19 calibrator was filled with Fluorinert FC-75, a liquid dielectric, to ap-
proximately 1 cm from the top.

The test hydrophone was lowered into the calibrator by a nylon tire cord tied to one end to
a ring stand and cemented on the other end to the aluminum collar. This configuration afforded
precise positiunuig Of the Hydrophore element for the series of calibrator tests. The only parameters

that were varied throughout the test series were the type of pressure-release material and the pro-
jector's frequency, which was varied from 100 to 1000 Hz in increments of 100 Hz.

A number of configurations and materials were used to shield the PZT-4 element. In some
cases, rings were die cut from the various materials (both dry and castor-oil saturated) and stacked
around the element, as illustrated in Fig. 6. In this way, oil soaking could be simulated by replacing
dry rings with oil-soaked rings. In other cases, thin layers of material were wrapped radially around
the element, as shown in Fig. 7, thus simulating oil soaking from the radial direction.

9
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COLLAR

SPLIT RING

TEST MATERIAL

PZT-4

Fig. 65- Basc configuration of teat hydrophone

ft UF I Fig. 6 - Die cut rings of cork-rubber material stacked around ceramic element
1NŽ-§W'----.-.RING OF

TEST
MATERIAL

* 1 ~~~PZT-4

RADIALLY Fig. 7 -Cork-rubber material wrapped radially around ceramic element
WRAPPED
TEST
MATERIAL

RESULTS AND DATA REDUCTION

Microscopic Analysis

The original intent of the microscopic analysis (that is, as a visual aid in understanding the
transducer fill-fluid permeation problem) was accomplished. In general, the oil-soaking process
appeared as follows: The area soaked in oil was obvious from the darkening of the matrix. The fluid
was diffused across a 0.5- to 2-mm region, depending on the combination of materials. The cork
granules near the fluid front seemed to be either saturated or dry, with few examples in between.

None of the dyes dissolved very extensively in the castor oil; at best they produced only slight
tints. In every case, however, even the slight tints could be detected in the first layer of cork; that is,
the layer of cork granules with part of their surface directly exposed to the castor-oil-dye mixtures
But no dye could be visually detected in any cork granule that had a layer of rubber between it and
the dyed castor oil, even though castor oil was evident.

Gravimetric Analysis

Results of the gravimetric analysis are presented in the graphs designated as Figs. 8(a) through
19(a). In these graphs the ordinate is given as the flux of transducer fill fluid through the exposed
surface area in mg/cm2 (this quantity is actually the integrated flux or cumulative flow of trans-
ducer fill fluid but for brevity will be referred to as the flux), and the abscissa is given as the time
in hours. Both are logarithmic scales.

Temperature dependence of fluid penetration into a composite material is complex, involving
several steps with different energies of activation. It is obvious from looking at these graphs that
the reaction is accelerated by an increase in temperature. It can also be seen that the slope of the

10
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log-log plot from 100 hours (long enough to eliminate the effects of viscous flow through the ex-
posed cork granules) to approximately 1000 hours (before the fluid fronts converge in the center
and before blistering, hardening, and/or disintegration occur) is very close to 0.5. A slope of one
half in the midregion, according to Fick's second law, defines a diffusion-controlled process (Ap-
pendix B). A line with a slope of one half was fitted to the data in the midregion of Figs. 8(a)
through 19(a). From this k0 was determined by extrapolating back to 1 h (at t = 1, log k = log k0 ).
Figures 8(b) through 19(b) show the relation between the extrapolated value of k0 and the recip-
roea.i oU Lfle sluuiuU teIiLiPjeatLuie. "elaUing Lthib In1.lllatii to tlh flil1 Equati.

o= exp (-Q/RO) (13)

where r = statistical factor,
Q = energy of activation,
0 = absolute temperature (OK),

R = gas law constant (8.314 J/mol- 0 K),

or

ink0 = (Q/R)(1I0) +ln ¢ (14)

Therefore, the slope of the In ke0 vs 1/0 line equals -Q IR.

The changes in the volume of the cork-rubber composites are given in Tables 4(a) through
14(a). This information is somewhat limited because it was not a part of the original test plan but
was added after changes in the volume of the test samples became apparent. The values were found
by measuring the length, width, and thickness of the samples to calculate the volume and then com-
paring this value to the original volume.

The shore hardness data are presented in Tables 4(b) through 14(b). Again, this was not origi-
nally planned as a test but was included after noting major changes in hardness in some samples.
The values given are averages of 10 Durometer readings at the given time interval and temperature.
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TIME (HOURS)

Fig. 8(a) - Gravinetric analysis of DC-lO0 exposed to castor oil

_'J 00*0
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Fig. 8(b) - Arrhenlus plot for DC-100 expoSed to castor oil

Table 4 - Polychloroprene-Cork De-100 Exposed
tn flnitnr fli

(a) Changes in Volume

Elapsed Time 25°C 75cC 1000

(h) ____I_____
4677 +
5189 0%
6028 I +2%

7920 0% -4
8760 -2% +4%

(b) Shore Hardness

Elapsed Time 250C 750C 1000C
(h) _ _ _ _

0 68 68 68
4677 22
5189 63
6028 57
7920 j 67 1 1 1
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TIME (HOURS)

Fig. 9(a) - Gravirnetric analysis of DC-100 exposed to silicone oil
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Table 5 - Polychloroprene-Cork DC-100 Exposed
to Silicone Oil

(a) Changes in Volume

Elapsed Time J 250C | 75CC I 10000
(h) I_____ ____ ____

4677 -6%
5189 - 1%1
6028 -3%
7920 -2%
8760 -3% 4% 1

(b) Shore Hardness

Elapsed Time 250C 75sC 1000C
(h )J _ _ _ _ _ _ _ _ _ _ _ _ _

0 68 68 68

5189 64
6028 90
7920 68
8760 65 101 _

.0035

Fig. 9(b) - Arrheuius plot for DC-100 exposed to silicone oil
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TIME (HOURS)

r t1. 12 .I --- -SaVI*L..:LLJ%. ajQyJs of C 4'M0 *p.4 to eastar 0

.0030
RECIPROGAL ABSOLUTE TEMPERATURE lbK-) I

Table 2-Poiynritriebutadienle.Coyk NtC-710 Exposed
to Castor Oil

(a) Changes in Volume

Elapsed Time 25 C 750C 100C
(h) 

A CV7~1
5189 0%
6028 0%
7920 0%
8760 ,, 0% __...__

(b) Shore Hardness

Elapsed Time 25ac 7500 100°C
(h) 2" 5C 101

0 73 73 73
4677 43
5189 66
60O28 69
7920 71
8760 69 69 _____

A0035

Fig, 12(b) - Anhenius plot for NC-710 exposed to eastor oil
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TIME (HOURS)

Fig. 14(a) - Gravimnetrie analysis of NC-710 exposed to PAG
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Table 10 Polynitrilebutadiene-Cork NC-710
Exposed to PAG

(a) Changes in Volume

Elapsed Time T 250 C 750 C 1000C

4677 | +3%
b189 i

6028 +1%
7920 0%
8760 +1% , 0% . . l

kjl Sonore ariuflSeS

Elapsed Time 25aC 750 C 100lC
(h) _ _ _ _ _ _ _ _

0 73 73 73
4677 66
5189 64
6028 79
7920 69
87 60 65 . 8S A8_

0035

Fig. 14(b) - Arrhenius piot for NC-710 exposed to PAG
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TIME (HOURS)

Fig. 17(a) Graviaxetric analysis of LC-800 exposed to eastor oil

-21

.0030
RECIPROCAL ABSOLUTE TEMPERATURE (Kl)

Table 12 - Silicone Rubber-Cork LC-800 Exposed
to Castor Oil

(a) Changes in Volume

Elapsed Time 25DC 750 C 1000C
(h)

4677 -3%
5189 0%
6028 0%
7920 0%
8760 -2% -2%

(b) Shore Hardness

Elapsed Time 25aC 75aC 100oC
(h)

0 72 , 72 72
4677 58
5189 65
6028 64
7920 70
8760 68 70

'0035

Fig. 17(b) - Arrhenus plot for LC-8O exposed to cator oil
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TiME (HOURS

Fig. 18(a) - Gravimetric analysis of LC-800 exposed to silicone oil
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Table 13 - Silicone Rubber-Cork LC-800 Exposed
to Silicone Oil

(a) Changes in Volume

| Elapsed Time I 25aC I 75aC 1 100C
(h)

4677 ' +11%
5189 +8%
6028 +11%
7920 +8%
8760 +8% +9%

(b) Shore Hardness

[ Elapsed Time 25°C 75C 1 1000 C

U~~~~~~~~~~~~~~~~~~r 7 0 

4677 61
5189 55
6028 54
7920 60
8760 57 60 _

.0035

Fig. 18(b) - Arrhenius plot for LC-800 exposed to silicone oil
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Microtome Sectioning

The results of the inicrotome sectioning and weighing tests are shown in Figs. 20 through 23,
where the density (g/cm3 ) of the cork-rubber composite and castor-oil diffusion pair are plotted
against the depth of penetration (mm). The lower dashed line is the density of the material before
being exposed to castor oil, and the upper dashed line is the maximum density of the material
after complete castor-oil saturation. Each graph contains data for six months (A), nine months (o),
and twelve months (e) at 750C in castor oil. Samples were sectioned after three months, but the
data were not usable because the penetration was less than the thickness of the section. For the
same reason 250 C sectioning data were not useful. The data points shown were found by taking a
running weighted average of the density from two separate samples at the designated time interval
and temperature.

Acoustic Impedance Tube

Results obtained from the acoustic impedance tube are represented in Figs. 24 through 28. Each
graph shows the sound speed (m/s) for the dry composite (lower solid curve) and the sound speed
of the same composite after one year in castor oil at 750C (upper solid curve) as a function of
pressure (MPa). On the same graphs the attenuation (dB/m of material) is represented by dashed
lines. The upper dashed line is the attenuation of sound in the unsoaked composite, whereas the
lower dashed line represents the attenuation data from castor-oil-soaked material as a function of
pressure. Data reduction done by the FORTRAN program are given in Appendix C. The equation
relating the input impedance of the test sample to the propagation constant is transcendental and
cannot be solved explicitly for attenuation (a) 'and sound speed (c). For this reason the values for
a and c are obtained from a FORTRAN program that converges on the solution by making succes-
sive apyLxi.Jn~a~.JtIIG. TheL 1jinput Uconsis04s 'Jf pressure&, frqun, scruple~ lensia1 he sampjJWleA&U ers,

amplitude of standard, amplitude with sample, phase angle of standard, and phase angle with
sample. The output is in the form of sound speed, attenuation, phase shift, and reflection
coefficient.

G19 Hydrophone Calibrator

The results of tests in the G19 calibrator are shown in Figs. 29 through 34. Figure 29 shows
the relation between the voltage sensitivity of an unshielded PZT-4 ceramic element (lower curve).
the F61 standard hydrophone (straight line at - 207 dB), and PZT-4 element shielded by dry
DC-100 (upper curve). The relative voltage sensitivities of a PZT-4 element radially wrapped with
dry material and with castor-oil-soaked material are illustrated in Figs. 30 through 34. In each
graph the upper curve is for the element wrapped with dry material and the lower curve is for the
element wrapped wi c w _ v in c oiL at 7 r one year. ___elLsll WllUW J ulbUl w, Willull Web bUdKUU III Asour IL at i D C for one year.
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2 3

DEPTH OF SECTION (mm)

Fig. 20- Microtome sectioning analysis of DC-100 exposed to castor oil
at 75°C
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DEPTH OF SECTION (mm)

Fig. 21 - Microtome sectioning analysis of DC-116 exposed to castor oil
at 75'C

24

_ 1.0

E

0.9

z
G -i

U,0 r

11-4---._ --

r- 0 0 0 
0 a

A
A A6 0 

o ~ ~~~ 0

A 0 

A

_ 0 A 0 IsA A Ž A

- 4~~~~~~~~ 

0.7 _-

0,6 _

1.2

1.1

Er,
E

0'

4-

z

0

t.of

U0.5

O 0
o a a

0

- _ A A U

A 0 0 4

AA Ž4 0 0

A- - -- - - - -A 5-- - -

I 6. e0 0 
0.7

0.6
0

i

I

O ,3



NRL REPORT 8458

0~~~~~~~
0

Ž4 
1.0 - ~ ~ ~ ~ ~ ~ 

I23 4
DEPTH OF SECTION (mm)

Fig, 22 - Microtome sectioning analysis of NC-71O exposed to castor oil
at 7C
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Fig. 232-Microtome sectioning analysis of NC-710 exposed to castor oilat75 C
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Fig. 23 -Microtome sectioning analysis of NC-775 exposed to castor oil
at 760 C
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Fig. 24 - Acoustic impedance-tube test results for dry and castor-oil-soaked DC-100
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Fig. 25 - Acoustic impedance-tube test results for dry and cator-oil-soaked DC-1lS
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Fig. 2 - Aoustic impedance-tube test results for dry and castor-oilIsoaked NC-710
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Fig, 27 - Acoustic impedance-tube test results for dry and castor-oil-soaked NC-775
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Fig. 28 - Acoustic impedance-tube test results for dry and castor-oil-soaked LC-800
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Fig. 32 - Voltage sensitivity of a PZT-4 disc radially shielded with dry NC-710 (upper
curve) and with castor-oil-soaked NC-l10 (lower curve)
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Fig. 33 -Voltage sensitivity of a PZT-4 disc radially shielded with dry NC-775 (upper
curve) and with castor-oil-soaked NC-775 (lower curve)
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Fig. 34 - Voltage sensitivity of a PZT4 disc radially shielded with dry LC-800 (upper
curve) and with castor-oil-soaked LC-800 (lower curve)

DISCUSSION OF RESULTS

Microscopic Analysis

Results of the microscopic analysis point toward a three-part castor-oil permeation mechanism in
cork-rubber composites. The first part is a viscous flow of castor oil through the porous cork granules
thnf rnmnnca fha nau+or c17rfanra Thncsa avnnanrl annnllc annn'r ataiiri+PA wih nil AQnnfnfll r Pnn-
sure to castor oil and are tinted by the castor-oil-dye mixture. Secondly, the movement of the-
castor oil through the rubber matrix is by diffusion. This is supported by observing that the castor
oil moves very slowly thorugh the rubber and that the first layer of rubber encountered by the
castor-oil-dye mixture effectively filters out any dye molecules present. A third part of the permea-
tion is a combination of the aforementioned mechanisms. That is, although the castor oil flows
through the inner cork granules, it is limited by the amount of castor oil available due to the slow
rate of diffusion through the rubber matrix. Each of the individual inner cork granules appears
uniformly soaked with castor oil but less saturated with distance from the exposed surface.

Gravimetric Analysis

Results of the gravimetric analysis support and quantitate the intuitive findings of the micro-
scopic investigation. In most instances the liquid flux through the exposed surface is at a much
faster rate in the first few hours than at any other time. This supports the theory of oil flowing into
the exposed cork granules. The only exception to this rapid increase in weight was found in the
NC-775, a low-cork-content composite, which was found to disintegrate rapidly (especially at ele-
vated temperatures). Thus, the weight gain of the relatively few cork granules was more than offset
by LIC Veight loss oft Uthe dinztugLawng mntrime rubber. This may also explain why the iN'-'1±v com-
posite has a relatively low rate of weight gain in the first few hours when compared to the other
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composites. Having a higher cork content than the NC-775 composite, it can gain more weight from
the surface exposure, while at the same time the lower percent nitrile rubber will lose less weight
through degradation. The net effect is an apparent low-liquid flux in the first few hours.

In the second phase of liquid penetration (that is, diffusion into the rubber matrix), the slope
of most of the graphs approximates 0.5. The lines drawn to represent the slope on the (a) versions
of Figs. 8 through 19 were all purposely drawn at a slope of one half to illustrate how closely each
composite-liquid pair actually comes to a diffusion-controlled process, Again, the only material to
deviate significantly from the slope of 0.5 to the 100- to 1000-h range was the type NC-775.
Composite NC-710 in silicone oil at 25cC also did not follow a slope of one half, but the 75 and
1000C curves did conform.

After approximately 1000 h, again with the exception of the type NC-775, the liquid flux
slowed even further. This is attributable to the convergence of the liquid front in the center of the
samples as the total sample approaches saturation.

Another important result of the gravimetric analysis is the determination of the activation
energies and preexponential factors of the diffusion pairs. Table 15 shows these values as deter-
mined from data in the (b) version of Figs. 8 through 19. The energies of activation fr type NC-775
could not be determined with this technique. Given the energy of activation, changes in the cork-
rubber composite due to liquid absorption can be determined at any temperature (that is, within
limits of change-of-state of the liquid, further curing of thie polymer, etc.). 'Tis can be done by
solving a proportional equation such as

rl/r2 = [D exp -Q1R0 1 )] I Dr exp (-QlRO2)] , (15)

where r1 is the known rate of change of a material property at a test temperature of 60I and r2 is
the unknown rate of change at temperature 02- Simplifying leaves

r, /ra = exp (-QIR t/9) -(1101') 1

as the equation to find the unknown rate.

An important possibility for such calculations is the likelihood that the activation energy
determined gravimnetrically is the same as that for other basic properties. That is, a single accelerated
test can be performed for some other important property (e.g., tear strength), and the equivalent
test time for any other temperature may be calculated with the activation energies from Table 15
substituted into Eq. (16).

It was evident that an acceleration temperature of 100C is somewhat too high for some cork-
rubber composites. After only 30 days in castor oil at 1000 C, the type DC-1 16 began to disintegrate
along the edges and the type NC-775 developed castor-oil-filled blisters over its entire surface. The
silicone oil tests at 10oo showed the types DC-IO0 and NC-7l1 shrank in volume by about 5% and
became very hard and brittle, while the type LC-800 swelled by about 10%.

Microtome Sectioning

The most enlightening test results were those involving the microtome sectioning of the castor-
oil-soaked composites. The preceding tests pointed very strongly toward a diffusion-controlled
process, usually at a highly accelerated rate for the first few hours and then slowly dropping off.
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Table 15 - Preexponential Factors (T, in, kg/m) and Activation Energies
(Q, in J/mol) for Absorption of Oils by Cork-Rubber Composites

Castor Oil | Silicone Oil PAGType r | Q |Q lQ
DC-100 110 | 55,800 a a 139 51,700nCriii 147.4 A AOAAn0 h h h
LD1~ r.L±U-- .tI.±'±UU VI - I

NC-710 0.23 20,200 | 0.024 9,560 38.9 43,800
NC-775 b b a a b b
LC-800 1330 77,200 0.16 14,800 14.7 42,600

ufJlel~Iaulu uuai.
bNot tested.

After a few hundred hours, the liquid flux approximated that expected in a diffusion process. The
microtome sectioning told how much castor oil was present at any given depth of penetration and,
therefore, led to an understanding of what is different in this diffusion-controlled process.

A close examination of Fig. 20 shows a definite pattern to the decrease in density with depth
of penetration of the castor oil. The set of points for each time interval follows the same pattern of
a density plateau followed by a somewhat smooth drop in density. Also, the density plateau in-
creases in height at approximately a constant rate to the fully saturated state. The width of density
plateau seems to have a square root of time dependence. Beyond the area of constant density with
depth, the drop-off in density has a shape relatively close to that of the error function, which is so
prevalent in diffusion of temperature and of metals.

Idealized curves were drawn for the type DC-100 using the above-mentioned concepts. Ac-
cording to the gravimetric data, total saturation by castor oil produces a maximum density of 1.10
g/cm 3. The corresponding maximum depth of penetration of the density plateau is 1.25 mm after I
year at 1000 C. The degree of curvature of the error function was determined by solving a slightly
modmea version of the general diffusion equation for the diffUsivity, as found in Reed-nmn L[IiJ,

A=N + (NA-NA) (1 erf 2 ) (17)

where NA = fraction of oil saturation at depth of penetration x,
NA = fraction of oil saturation far into the composite sample,
NA 3, = fraction of oil saturation at the composite-oil interface,

t = time in hours,
D = diffusivity.

In all of these cases NA1 0 and NA2 = 1. The diffusivity is easily calculated by determining
from experimental data both x and t for a given degree of saturation. If a value of NA = 0.5 is
chosen; then Eq. (17) becomes

x
0.5 = erf . (18)

2S et)o1t2

So, from error function tables
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x
0.477 = ___

2(Dtg'/2
(19)

(20)- X2

0.954t

From the curve in Fig. 20 for 1 year (t = 8760 h), x = 0.7 mm (measured from the shoulder of the
curve to the point of half saturation). Therefore, D = 6 X 10- 5 mm2 /h. Substituting this constant
value back into Eq. (17) and varying NA yields the appropriate curve. The curve for 9 months was
found by multiplying the density increase due to the castor-oil saturation by 0.75 and the depth of
the density plateau for 1 year by (0.75)1/2. To find the appropriate error function, D remains con-
stant while t = 6570 (0.75 year). The 6- and S-month curves were found in a similar manner, always
keeping D constant. These idealized curves for the DC-100 composite in castor oil at 75 C are
shown in Fig. 35.

The above procedure was followed to generate idealized curves for the type DC116 (Fig. 36)
with maximum density being reached in the plateau region after 10 months at 75 0C and a dif-
fusivity of 1.2 X 10- 4 mm2 /h. The depth of the plateau at 10 months was 1.2 mm. It appears from
these data that after the density plateau reaches the maximum saturation density, its leading edge
continues to move into the composite at a rate dependent on the square root of time.

Figure 37 shows the results of the same procedure for the type NC-775 composite at 75 0C. In
this case the maximum density was 1.10 g/cm3 at a depth of penetration for the density plateau
of 0.6 mm and a diffusivity of 4.5 X lo- 5 mm 2Th.

ind

0.7

DEPTH OF SECTION tm)ni

Fig. 38- Idealized depth of penetration curves for DC-100 exposed to castor oil
at 756C for 3, 6, 9, and 12 months (bottom to top curves, respectively)
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2
DEPTH OF SECTION (mm)

Fig. 36 -Idealized depth of penetration curves for DC-116 exposed to castor oil
at 765C for 3, 6, 9, and 12 monthsl (bottom to top curves, respectively)

2
DEPTH OF SECTION (mm)

Fig. 37 - Idealized depth of penetration curves for NC-775 exposed to castor oil
at 756C for 3, 6, 9, and 12 months (bottom to top curves, respectively)
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The type NC-710 composite does not seem to follow the same pattern. Although each indi-
vidual curve does resemble the general shape expected, there is no regularity to the density plateau.
The reason for this inconsistency is evident from microscopic observation of sections cut at right
angle to the direction of flow. There it can be seen that the castor oil penetrates the type NC-710 in
individual castor oil channels rather than as a uniform liquid front. In contrast, microscopic observa-
tion of sections from the other composite materials shows a uniform change in color with depth.
No physical reason for the unique mode of permeation in the NC-71i is obvious at this time.

The type LC-800 composite could not be obtained in thickness sufficient for microtome sec-
tioning, but some observations can be made from working with it. After 1 year at 75C, the castor
oil did not appear to have progressed past the outer layer of the exposed cork granules. Although
this unfortunately cannot be quantified, it appears that silicone rubber has an extremely small
diffusion constant when immersed in castor oil.

The castor-oil penetration process in cork-rubber composites is a threefold one. First, the
castor oil flows relatively fast into the exposed individual cork granules, illustrated in Fig. 38. From

hese ould i-est tSte U s ILL sIIN ;tLLtUfC-WJII Lu tIC .LCL.CaLL or LaLitejny MZItltIi, ¶VVIIltf ,CagI

actually be in any direction as illustrated by Fig. 39. This produces an area of relatively constant
density for a distance into the composite governed by the size of the largest cork granules. Complete
saturation in this area is dependent on the size of the cork granules, the percent cork by volume,

and the diffusivitive of the particular rubber used in the composite. Beyond this density plateau, the
castor oil penetrates at a rate controlled by the diffusion rate of the rubber matrix (Fig. 40).

._C77-7--7

/ Fig. 38 -The early stage of permeation with castor-oil flow through
the exposed cork granules dominating, with a slight influence of
diffusion

NAr'DI

(2$

Fig. 39-The intermediate stage of permeation with a combination
of castor oil flow and diffusion

36



NRL REPORT 8458

_ 1 !-\ i' - P,\ D Fig. 40 - The advanced stage of castor-oil permeation with diffusion
through the rubber matrix as the controlling factor

Acoustic Impedance Tube

Inspection of the sound-speed and attenuation graphs (Figs. 24 through 28) obtained from the
acoustic impedance tube reveals the type of behavior generally expected of cork-rubber composites.
The materials have Tlowf sound speeds nrifh high attenuations at low hydrostathic pressures with in-
creasing sound speeds and decreasing attenuations as the pressure is increased. This is because the
material goes from a cork-dominated composite to a rubber-dominated material as the cork granules
are compressed by the higher pressures.

More importantly for this investigation, the graphs show th at sa so-u-nd-speed aUd attenuation
curves are very similar for unsoaked samples but they vary significantly in the castor-oil-soaked
samples. Figures 24 and 25 show a very large increase in the sound speed for soaked composites
DC-100 and DC-116, especially at low pressures. Composite NC-710 appears to have a slightly
smaller sound-speed increase compared to that of the types DC-1tO or DC-116. Type NC-775
exhibits a greatly reduced increase in sound speed, but type LC-800 has the smallest increase. A
similar pattern for the decrease in attenuation is also evident. Table 16 shows that there is an ap-
proximate relationship between the amount of castor oil absorbed by the composite and the in-
crease in the speed of sound in the material.

Combining this information with that from the microtome sectioning gives a satisfactory ex-
planation. The DC-100 and DC-116 samples of 0.318-cm thickness are in effect completely saturated
after soaking in castor oil at 75 0C for a year; therefore, an increase in hydrostatic pressure would

Table 16 - Percentage Increase in Weight
and Sound Speed (at 0-MPa pressure) for
Five Cork-Rubber Composites Exposed to

Castor Oil at 75 0C for 1 Year
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Cork-Rubber % Increase % Increase inF Material I in Weight I Sound Speed I

DC-116 68 210
DC-100 65 198
NC-710 50 123
NC-775 13 62

LC-800 9 25
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distort the entire sample uniformly with very little volume change. On the other hand, the NC-775
and LC-800 samples, because of their small rates of diffusion and small cork granule size, have un-
soaked material sandwiched between their outer layers of the castor-oil-soaked material. Thus, with
increasing hydrostatic pressure, the inner dry portion is compressed by a greater percent than the
outer edges. The type NC-710 acts somewhat as a combination of the completely saturated material
and the castor-oil-layered material because of the castor-oil channel effect.

G19 Hydrophone Calibrator

The results shown in Figs. 30 through 34 are the tests in which a PZT-4 disc was radially wrapped
with the various cork-rubber composites of 0.318-cm thickness and tested for voltage sensitivity in
te -1i 0=~;s Ca4llls nWhr ,reo"ace4W ~e i } oes~w {lW- S;B 

LI~ '~a .. , Y..QM~LPlLal -" ± tc iatL.sak woo I~c ±paVtt sy %dhltjlVI .ltvx_ 41.1± -'ilit 4C1')llt iatci1.as ULAst Alau

been exposed to castor oil at 750C for a year. The drop in voltage sensitivity at the low-frequency
end of the curves is low-frequency rolloff caused by the liquid medium (in this case Flourinert 75)
seeping into the interspace between the pressure-release material and the PZT-4 element. The ap-
parent dip insensitivity at 900 Hz was caused by the error produced by a very high voltage reading
from the F61 hydrophone due to resonance in the calibrator.

The relationship between castor-oil content and loss of hydrophone sensitivity of all test samples
is best shown in tabular form. It should be noted that the pressure-release characteristics of all
mraterials tested were vyrv close hefnre hein£ exnased to castnr oil. Tahle 17 shows the materials

listed in order of decreasing castor-oil absorption. With the exception of composite DC-100, this is
the same order as that of decreasing loss of hydrophore sensitivity. The voltage sensitivty com-
parisons were done at 700 Hz because the curves were very stable in this region.

Possibly the most striking way to show the effect of loss in sensitivity is by an overlay of
Figs. 29, 30, and 34, as shown in Fig. 41. This shows a drastic difference in the acoustic insulating

ability of types DC-100 and LC-800 after 1 year in castor oil at 75°C.

These results might have been anticipated from the impedance-tube work previously discussed-
which showed that composite DC-100 almost doubles in sound speed at 0 MPa while the sound
speed of LC-800 changes by only 25% after castor oil soaking.

Table 17- Percentage Increase in Weight
and Loss of Sensitivity (at 700 Hz) for Five
Cork-Rubber Composites Exposed to Castor

n%.i .4 '7r0C fu I Vnn-
XJll I I U is X~x s 

Cork-Rubber 9% Increase Loss of
Material in Weight sensitivity (dB)

DC-16 68 99
DC-100 65 11.5
NC-710 50 4.1
NC-775 13 3.7
LC-800 9 0.2
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The rate of change in the voltage sensitivity of a hydrophone can be calculated by including an
appropriate term in Eq. (12) to allow for aging of a decoupling material. Equation (12) then be-
comes

M = 2 [f(p 1 , P2. c1, C2 )j g31 +g3 3 } X* (21)

Although the form of dependency is complex, simplifying assumptions from plane-wave acoustics
gives

Plel -P22

f(PII P2 e 1c C2 ) ~-p 1c1 + P2C2 (22)

If the values for sound speed and density of the DC-100 samples and the Fluorinert 75 used in the
G19 calibrator are substituted into Eq. (21) with the plane-wave function, the following results are
obtained for dry DC-100:

Fluorinert 75: p1 = 1.76 g/cm3

Ci = 656 m/s

DC-100: P2 = 0.74 g/cm3
C2 = 300 m/s
M = 0.0181x.

PZT-4 DISC WRAPPED
HWITH EEW LC-800

_ -200 IT SOAKED LC-800
> PZT-4 DISC WRAPPED

-204 -

1- _ .'~~~~~-61 STANDARD HYD.'OPHONE___ 

V5 -200 0000

CD 212 PZT-4 DISC WRAPPED
5 _ -Z ~~~~~~~~~WITH SOAKED DC-100

> PZT-4 DISC- UNWRAPPED

-216 / -= 6 

-220
100 200 300 400 500 Soo 700 80v 900 1000

FREQUENCY (Hz)

Fig. 41 - Comparison of the degradation in hydrophone sensitivity caused by soaking
DC-100 and LC-800 in castor oil at 750C for a year
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For castor-oil-soaked composite DC-100 they are:

P2 = 1.10 g/cm 3 ,
C2 = 100 m/,
M = 0.0042x,

or a change in sensitivity of a hydrophone element of - 127 dB. This compares favorably to the
change in sensitivity found with the G19 calibrator under the same conditions of -11.5 dB. Table 18
compares the predicted loss in sensitivity of the test hydrophone with the actual loss in sensitivity
as presented in Table 17. In a cases the predicted values are within experimental error of the test
values and the variations expected from the assumptions of Eq. (22).

The temptation at this point is to write equations to calculate the acoustic properties of the
cork-rubber composite during the period between it being a dry material and it being a completely
soaked material. The density of the sample in bulk can certainly be calculated from the parameters
in Table 15 and the time and temperature of exposure. If next we assume that the change in sound
speed is proportional to the change in density, the sound speed may be determined at any time and
temperature. However, the analysis breaks down when one tries to use the density times sound
speed (acoustic impedance) at intermedidate times to calculate the acoustic reflections, because this
impedance value is an average for the bulk of the sample. Since the oil is penetrating the composite
material along a front, the use of an average acoustic impedance is invalid. This deficiency is borne
out by the practical observation that even a very thin layer of cork-rubber composite will effectively
shield a hydrophone element. The important thing then would be to calculate the time necessary
for the edge of the fluid front to reach the inside face of the shielding composite. Until that time,
the sensitivity of the element would be essentially unchanged. After hat time, the sensitivity would
decrease in some relation to the acoustic impedance of the innermost layer of composite.

Table 18 -Loss in Sensitivity of a PZTA Test
Hydrophone After Dry Acoustical Shelding

Has Been Replaced by Castor-Oil-Soaked
Pressure-Release Material Compared to the

Calculated Loss in Sensitivity

Cork-Rubber G19 Results Calculated Loss
Material (dB) in Sensitivity (dB)

DC-lO -n1.5 -12.7
DC-116 -9.9 -11.7
NC-710 -4.1 -6.8
NC-775 -3.1 -3.4
LC-800 -0.2 - 1.0
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CONCLUSIONS

The conclusions of this study must be tempered by the fact that the analyses were, of neces-
sity, performed on samples from a single batch of each type of material. These materials have a
history of poor repeatability and, therefore, should be studied further.

The acoustic decoupling properties of cork-rubber composites are excellent before transducer
fil-fluid saturation. This decoupling ability is greatly reduced with fluid absorption; therefore, the
absorption mechanism must be understood. This investigation found the absorption mechanism to
be a three-part one. First, the liquid flows into the exposed cork granules. Second, the liquid dif-
fuses into the surrounding rubber matrix at a relatively slow rate. The third step is a combination of
these with liquid flowing through the inner cork granules, but at a greatly reduced rate due to the
limi+inu affaet nf i'ne tiffsiainn throurh the ruihhr matiri-

Next, this absorption rate must be predictable. The absorption rate was found to be described
by a two-section graph, consisting of a density plateau region and a smoothly decreasing region that
follows the error function. Given a unit time tu (i.e., the time needed for the density plateau to
reach a fully saturated state) and a unit distance 4U (i.e., the distance the density plateau extends
into the material at tu), the height of the density plateau for any time t can be determined from

Wltu)(Pm=- Pmin) Pplat (23)

if t < tu or Pmax = Pplat if t > tug1 where pman is the density of saturated material, Pml is the
density of dry material, and Pplat' is the density of the material at time t. The distance Xplt that
the density plateau extends into the material, at time t, can be determined from

d; stltu >112 = XPkt.

Beyond the density plateau the density with depth of penetration follows the error function as in
Eq. (17).

The analysis above, along with the results of the gravimetric analysis, allows conclusions to be
drawn about the usefnlness of the Vo cork-rAbb..r colmposites. mhe auove techniques show that
although the composite DC-100 is an excellent pressure-release material when dry, it loses this
ability rather quickly when compared to some of the other composites tested.

Composite DC-116 has acoustic properties similar to those of the DC-100, but it absorbs castor
oil at a faster rate. Thus, it is not a useful replacement for type DC-100.

The acoustic decoupling properties of composite NC-710 were again very similar to those of
the DC-100, but the castor oil absorption mechanism is somewhat unpredictable. The castor-oil-
absorption rate is similar to that of the DC-100, but the castor oil moves through the rubber matrix
as fingers or channels rather than as a uniform liquid front.

A possible replacement for the DC-100 is composite NC-775. Its acoustic properties are as
good as those of the DC-100 but they change more slowly with time, due to the slower castor-oil-
absorptioL n rL &ate, Cnu i ar. prueuiuctawl. Ile Uony prbuuemu wM Mal cabor-on surIace blisters
formed, but this was observed only at higher temperatures.
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The best possible replacement for the DC-I00 exposed to castor oil appears to be type LC-800.
It has excellent acoustic decoupling properties and the slowest rate of castor-oil absorption. The
drawbacks to this type are that it is over five times as expensive as the other composites and there
may be a problem bonding a silicone rubber composite to other transducer components.

Further research is planned to allow quantitative calculation of the rate of degradation of a
shielded ceramic element due to soaking of the cork-rubber composite material. This research will
take the form of mathematical modeling of the decoupling process and measurements to determine
more exactly the progress of the oil front through the material as a function of time and temperature.
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Appendix A

DIFFUSION EQUATIONS

Fick's first law of diffusion states

q '= -D(aN/3x), (Al)

where D = diffusivity,
N = concentration,
q'= one-dimensional flux.

Combining this with conservation of mass in the form

(aq/ax) + (aNlat) = 0 (A2)

produces the diffusion equation (Fick's second law)

(aN/at) = D(a2N/ax 2 ). (A3)

The solution to Eq. (AS) under the boundary conditions that at the fluid-solid interface there is
an inexhaustible supply of fluid and at t = 0 there has been no fluid permeation into the solid is

N N No1 - erf (x/2(Bt)"/2) , (A4)

where the error function erf is given by

S
erf(s) = (2/irl/ 2) J exp (-t 2 ) dtl. (AS)

Therefore the flux through Eq. (Al) is

q'= -D(aNf/ax) = (N0 /(wht):112 'exp (-x 2 /4Dt) (AG)

The measured quantity in this investigation was total absorbed weight per unit area, which is actually
the integrated flux. This is equal to

Jo

Since Eq. (A2) gives

00 aN
f (Aj/ax) dx + (a/at) N(x,t) d (x) = 0 (A8)
Jo o
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and

qoo) =0, (A9)

then-

q'(0,t) = Wa/t)f N(xt) dx (A10)

and

N(xt) dx = weight/area, (All)
fro

- q'(0,t) dt, (A12)

f (No I(rft) 1j2 )dt, (A13)

- (NA/pD)1I12 ) t1 /2 . (A14)

Therefore,

measured weight/area = (ND/(r) 112 ) t112 . (AlS)

As seen in Eq. (Al5) a log-lo plot of the integrated lIquid flux time have a slope of 0.5 (not
d+h A4'1i2Annn._Anr nA 4£U- V Wil ID1t
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Appendix B

DERIVATION OF THE IMPEDANCE-TUBE EQUATIONS

The measurement method is based on the analogy between an electrical and an acoustical
transmission line. Plane-wave propagation is assumed and is attained in practice by using a rigid-
walled tube with a diameter much smaller than the wavelength of sound in either the water or in
the test mnterial. Tnformation ohtsined on materials placed in the tube may be used to determine
the complex propagation constant y and the characteristic acoustic impedance ZO of the materials.
Other acoustic properties of the material may then be determined from y and Zo.

The characteristic acoustic impedance ZO of viscoelastic materials like corprene is

o = jp/y , (Bi)

where p is material density, co is angular frequency, andy -y=(a +j k') is the complex propagation
-'nA.1- iw a b-e.-g use- _4.ten-u- --n Zul Kf te av number.cons.wolt WIUL IA UI$11 UW~t dLbt:1lUtlLWVii WSU S LLAC WdYV IIILJL.

The input impedance of a sample of length x, terminated by a rigid boundary is given by the
expression

Zif = Zo coth (yx). (B2)

The complex reflection coefficient r, at a plane fluid-solid interface is

r - (Zin - ZT)(Zin F ZT), (B3)

where ZT is the characteristic acoustic impedance of the fluid medium, which is water in most in-
stances. Therefore, the complex reflection coefficient for the sound pressure represents an indirect
mea.uemen.t of n e water-tto-sample bounda y In+wPut iwrrunpeAn-,LCe Saven Vy

Z fhZT = (1 + r)/(1 - r). (B4)

If this indirect relation for the sample input impedance is substituted into a normalized relation for
the input impedance of a sample backed by a rigid boundary, Eq. (B2), then the resultant relation-
ship between reflection coefficieint and characteristic acoustic impedance of the sample is

(1 + r)/(L - r) = (ZOIZT) coth (yx) . (B5)

Substitution of the characteristic acoustic impedance of viscoelastic material, Eq. (BI), for Z0 in
Eq. (B5) results in the expression

ZoiZT iJ Lwr/P JNTk ') 'JR ()
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where ZT = PTcT is the characteristic acoustic impedance of water. Replacing the ratio ZQ /ZT

in Eq. (B5) with the right-hand side of Eq. (B6) yields

(I + r)/(1 - r) = j [wPIpTcT(a +tl')I coth Ea +jk') x] (B7)

or

[(1 + r)/(l - r)] [1 /(plPrT)kr] =;[ +jk') 3 coth [(a +jx J 8)

Equation (38) may be used to determine a and k', the components of the complex propagation
constant y, for the sample material. The values of the left-hand side of Eq. (BS) are all experi-
mentally measured quantities. The quantity r is the complex reflection coefficient, P/PT is the
ratio of sample density to the density of water, and hT = £/CT, where 0 T is the speed of sound in
water.

Equation (B38) is a transcendental equation that cannot be solved for unknown values of a and
k'algebraically. An iterative computer program (Appendix C) has been developed that wil calculate
the right-hand side of Eq. (B8). Starting wiIth arbitrary values of a and k, the program computes
and compares a value for the left-hand side of the equation with the measured value. The values of
a and kt' are then incremented or decremented until the equation is satisfied within a specified
tolerance.
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Appendix C

COMPUTER PROGRAM FOR IMPEDANCE-TUBE DATA

The following is a FORTRAN program developed at NRL-USRD to calculate sound speed and
attenuation of materials tested in the acoustic impedance tube.

CALL ERDSET(63,, .FALSE.,, .FALSE.,,)
CALL ERRET(644,,.FSE.,,,.FALSE.,.)
'k7ITE(6, 903)

903 FORNAT(//,' INPUTtSAPIPLE LENGCTI(ClD,DENSITY( GMCC),STARTING AT',
I'TENUATION(DB/N), AND STARTING SOUND SPEED (N/SEC)')
READ(5,900) DIST,DENS,ALFA,C

S WRITE (64'904)
904 FOJUIAT (' INPUT: PRESSURE (EPSI),FREQUENCY(IZ) ,X,TElS, THE')

READ(5,901,END=200) PRES,FKHZ,RX,T1HX,It,THS
julOi1! RX/RS

900 FORTIAT( 4F 10.0)
901 FONIAT( 6F10.0)

IF(TITS-110.) 80,00,90
60 IF(TIIX-TIIS- 180.) 100, 100,110
90 IF( TTX-TIhS+ 180.) 120, 109, 100:
100 12N=-THXTHS

GO TO 9
11e TII2HI:THX-THS+360.

CO TO 9
126 TH12HrnTUX-ThW-360.
9 FREQ=FKHZ*1000.

1=0
J=0

19 I= 1+1
TAFD=.230259E-02*ALFA*DIST
ma,:. 125664*FREQ*DIST/C
C11TT=AEXF( TAFD) +EXP( -TAFD)
NA=GSQRT( (CHAD+2. *COS(TWKD) )/(CH-2.*COS(TWKD)))
A: TWKD/TAFD
ZTLG=, DENS*C*F)IAC*SORT( A*A/( A*A+ 1.) ) /( 1460. + 10. *PRES)
SOI-i= 2. .:S IN( Tlfi) /( EXP( TAFD) -EXP( -TAFD))
ZAHf= ATAN( 1./A) -ATAN( SOSH)
RIiOc= sawrO (aZPIG*ZUAG+ 1. -2. *ZI¶AG*COS( ZAN) /( ZNAGsZNAG-
I I . +2 . *ZrDAG*COS( ZANG)))
TEI- ATAN( 2. *ZI'IAC*S INC ZANG) /( ZDIAC*ZIIAG- 1.))
IF(ZPLAG-1.) 6,1,8

6 TI=S3.14159+Tfl
8 THUG=)Gfl*57.2958

TIcrD=7.2.*2.-FREO*RDIST/( 1460.+10.*PRES)
T112= T1IDG+TKTD

20 IF(TI12-180.)23,23,22
22 T112=TE12-S60.

GO TO 20
23 IF( I-1)25,23,29
29 1UlIO=111TOC-11U[O

I F( lU1I0 RT10) 39, 25, 25
25 R1IO= r1TOC-RHIO1

IF( IU10) 30, 39,31
30 RI1O=-RITO
31 IF( REIO-. 005) 39, 39, 32
32 1o10 IRIIOC-RIIOI

IF(RI0o) 11,39,10
10 AT.FA= ATFAI .2

47
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I I ALFA= ALFA- . 2 
IF( ALFA- . 1 ) 60 , 60 , 6 1

6~~0 ALA- 

39 J=J+1
IF(J-1)85,B5,40

40 TIIAZTH2-T2 I
I F II I A*Tffr.&) 24. 85. 8

85 TUTA: TH2-TH2N
IF(TIITA)41, 24.42

41 fNlrA-TffTA
42 IF(TlITA-.5)24,24,43
43 TfA=TH-T - 2

IF(TfBA) 17,24, 16
16 C=C-1t.

GO TO 19
17 C:C+10.

&O TO 19
24 WRITE(6,902) ALFA,CEHOTM,11EFgRBOC,TH2
902 FOltriAT(//,' ATTENUATION =',F2.2,'IB4I',/,' SO PED=',F5.0,'N

/SEC' ,/,20X, 'REFLECTION COEFFICIENT',2M0 'PHASSE ANGLE'9/,' HE'.
9'as:flflfl)'tAW Nf _ !.62AJLPIA.4.'.' CALIJLATED'.14XEIO3.6,20XFL5.4)

200 CALL EXIT

U
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